The equatorial zonal electric field responses to prompt penetration of eastward convection electric fields (PPEF) were compared at closely spaced longitudinal intervals at dusk to premidnight sectors during the intense geomagnetic storm of 17 March 2015. At dusk sector (Indian longitudes), a rapid uplift of equatorial F layer to >550 km and development of intense equatorial plasma bubbles (EPBs) were observed. These EPBs were found to extend up to 27.13°N and 25.98°S magnetic dip latitudes indicating their altitude development tõ 1670 km at apex. In contrast, at few degrees east in the premidnight sector (Thailand-Indonesian longitudes), no significant height rise and/or EPB activity has been observed. The eastward electric field perturbations due to PPEF are greatly dominated at dusk sector despite the existence of background westward ionospheric disturbance dynamo (IDD) fields, whereas they were mostly counter balanced by the IDD fields in the premidnight sector. In situ observations from SWARM-A and SWARM-C and Communication/Navigation Outage Forecasting System satellites detected a large plasma density depletion near Indian equatorial region due to large electrodynamic uplift of F layer to higher than satellite altitudes. Further, this large uplift is found to confine to a narrow longitudinal sector centered on sunset terminator. This study brings out the significantly enhanced equatorial zonal electric field in response to PPEF that is uniquely confined to dusk sector. The responsible mechanisms are discussed in terms of unique electrodynamic conditions prevailing at dusk sector in the presence of convection electric fields associated with the onset of a substorm under southward interplanetary magnetic field B z .
Introduction
The high latitude-low latitude coupled neutral and electrodynamic processes during active geomagnetic periods cause substantial modifications in the equatorial and low-latitude ionosphere-thermosphere system. Particularly, the global scale equatorial zonal electric field, which is usually eastward (westward) during daytime (nighttime), undergo several changes during the storm periods and can significantly alter the equatorial electrodynamical processes. In general, these zonal electric field perturbations are mainly due to two important processes, known as prompt penetration electric fields (PPEF) and ionospheric disturbance dynamo (IDD). The dynamic reconnection between solar wind and Earth's magnetosphere causes the development of high-latitude electric fields through field-aligned currents which can penetrate promptly to equatorial latitudes through Earth-ionosphere wave guide [Nishida, 1968; Kikuchi et al., 2000] . On the other hand, the disturbance dynamo electric fields are induced via global scale thermospheric wind circulation due to Joule heating at high latitudes [Blanc and Richmond, 1980] . The PPEF can occur almost simultaneously with the sudden changes in the z component of interplanetary magnetic field (IMF B z ) and induces short-lived (~30 min to 2 h) perturbations in the equatorial zonal electric fields [Senior and Blanc, 1984; Kelley et al., 2003] . Whereas, the disturbance dynamo fields can be observed with a few hours delay and are usually long lasting for several hours via thermospheric wind dynamo action. the sudden northward turning of IMF B z makes the R2 currents to be momentarily stronger than R1-FAC (overshielding) and causes electric field perturbations that are opposite polarity to the quiet time zonal electric field [Rastogi and Patel, 1975; Kelley et al., 1979 Kelley et al., , 2003 . These PPEFs associated with sudden southward (northward) turning of IMF B z are generally referred as convection (overshielding) electric fields. The eastward convection electric fields in dayside can significantly redistribute the F region plasma through reinforced equatorial ionization anomaly (EIA) and cause positive ionospheric storms at low-midlatitude regions [Mannucci et al., 2005; Tulasi Ram et al., 2008; Veenadhari et al. 2010; Balan et al., 2012] . Further, the eastward PPEFs can enhance the development of equatorial plasma bubbles (EPBs) at postsunset sectors and can cause severe disruption of transionospheric radio communication links, hence, very important in view of space based communication and navigational applications [Basu et al., 2001; Martinis et al., 2005; Basu et al., 2005] . It is also shown that long-duration eastward PPEF can occur under steady southward IMF B z condition for several hours [Huang et al., 2005; Huang et al., 2007] that can cause the development of EPBs continuously over a very wide postsunset longitudinal sector [Tulasi Ram et al., 2008; Tulasi Ram et al., 2015] .
Numerical model simulations show that the polarity of convection electric fields is usually eastward at dusk sector and can extend up to premidnight hours of~22-23 LT [Nopper and Carovillano, 1978; Tsunomura and Araki, 1984; Senior and Blanc, 1984] . Though the observations are sparse, limited studies reported the effects of the eastward convective PPEF during the premidnight hours. For example, Abdu et al. [1998] have shown the penetration of DP 2 electric field fluctuations to equatorial ionosphere at dusk sector with enhanced amplitudes of eastward convection electric fields toward nightside. Using the in situ vertical plasma drifts from Republic of China Satellite-1 during 1999 to , Fejer et al. [2008 have shown that the convective PPEFs are eastward in the postsunset sector and turns to westward around 23 LT. Recently, Chakrabarty et al. [2015] have reported the eastward PPEF effects during 2100-2200 LT that strengthened the spread F in equatorial ionosphere. Hence, it is important to investigate the effects of PPEFs from dusk to premidnight sector, simultaneously, at closely spaced longitudinal intervals in order to understand the relative amplitudes of zonal electric field perturbations and its influence on the development of EPBs. Therefore, in this paper, a case study on the response of equatorial ionosphere to convective PPEFs is investigated simultaneously at closely spaced longitudinal intervals from dusk to premidnight sector using both ground-based and satellite in situ observations during an intense geomagnetic storm occurred on 17 March 2015 and the relative amplitudes of eastward electric field perturbations are studied in the context of development of EPBs. Further, the possible influence of substorm expansion onset on penetration of eastward convection electric fields and the effects of coexistent disturbance dynamo electric fields at different local time sectors were discussed.
Observations
The response of equatorial and low-latitude ionosphere during the intense geomagnetic storm of 17 March 2015 has been closely investigated from dusk to premidnight sectors using a chain of ionosondes in Southeast Asian longitudes that span across the Indian-Thailand-Vietnam regions. For example, Figure 1 shows the locations of three ionosondes considered in this study. The ionosonde at Indian equatorial station, Tirunelveli (TIR), is of Canadian Advanced Digital Ionosonde (CADI) model operated by Indian Institute of Geomagnetism, India. The other two ionosondes at Chumphon (CPN), Thailand, and Bac Lieu (BCL), Figure 1 . As can be observed from Figure 1 , the three ionosondes at TIR, CPN, and BCL were located along the dip equator at closely spaced longitudinal intervals, hence, considered to investigate the equatorial zonal electric field perturbations due to PPEFs at different local times from dusk to premidnight sectors. All the ionosonde observations considered in this study were obtained at 10 min intervals. Further, the observations from two Fabry-Perot interferometers that are simultaneously operated at Shigaraki (SGK), Japan [Shiokawa et al., 2003] , and Darwin (DRW), Australia [Shiokawa et al., 2012] , were considered to examine the thermospheric neutral wind variations associated with ionospheric disturbance dynamo during this storm period. The SGK and DRW are located in northern and southern midlatitudes, respectively, at nearly conjugate locations. In addition to above mentioned ground based observations, the satellite in situ ion density measurements from C/NOFS (Communication/Navigation Outage Forecasting System) and SWARM-A, SWARM-B, and SWARM-C (European Space Agency Magnetic Field Mission) were also considered to examine the local time variations in the zonal electric field perturbations and the presence of EPBs. The 1 min data of SYM-H, AU, and AL indices were taken from Space Physics Data Facility (SPDF) at http://omniweb.gsfc.nasa.gov/ow_min.html. The 1 min data of interplanetary solar wind parameters observed from Wind satellite at L1-orbit and time shifted to bow shock nose were obtained from SPDF (http://omniweb.gsfc.nasa.gov/form/sc_merge_min1.html). The 5 min averages of energetic electron fluxes from GOES 15 satellite at geosynchronous orbit were taken from Coordinated Data Analysis Web (CDAWeb) at http://cdaweb.gsfc.nasa.gov/istp_public/. The horizontal component of geomagnetic field observations from ground based magnetometers at four stations, namely, Ascension Island (ASC, 7.95°S, 15°W, 24°S dip latitude), Mbour (MBO, 14.38°N, 16.97°W, 3.53°N dip latitude), Guam (GUA, 13.59°N, 144.87°E, 6.23°N dip latitude), and Kakioka (KAK, 36.23°N, 140.18°E, 30 .8°N dip latitude) from INTERMAGNET (http://www.intermagnet.org/) were considered in this study.
Results
The magnetic filament eruption from sunspot AR2297 on the Sun at the early hours of 15 March has launched a Coronal Mass Ejection (CME) which has hit the Earth's magnetosphere around 0430 UT on 17 March 2015. Figure 2 shows the variations of solar wind parameters observed from WIND along with symmetrical ring current index, SYM-H. Both the solar wind velocity and density (Figures 2a and 2b ) exhibits sudden enhancement from its steady state values at~0430 UT indicating the arrival of CME shock. The impingement of CME shock on Earth's magnetosphere resulted in a sudden storm commencement with SYM-H raised to 67 nT by~0448 UT. The z component of interplanetary magnetic field (IMF B z ) (Figure 2c ) which is northward at initial phase, turned to southward at 0600 UT causing the magnetic reconnection and the main phase onset of a geomagnetic storm. After a few initial fluctuations, the IMF B z remained southward till 0930 UT and the ring current enhancement caused SYM-H index to reach approximately À100 nT (Figure 2d ). The northward reversal of IMF B z between 0930 and 1200 UT caused a brief recovery of SYM-H index to À38 nT. However, the IMF B z again turned to southward at 1230 UT and more or less remained steady southward for more than 11 h. This long-duration continuous southward IMF B z facilitated continuous magnetic reconnection and enhanced ring current with SYM-H reaching a peak negative excursion of À232 nT at 2304 UT, becoming the strongest geomagnetic storm in the solar cycle 24 till date. Singh et al. [2015] have investigated the low-latitude ionospheric response exclusively over Indian sector during the different phases of this storm. However, in this study, we mainly focus our investigation on steady southward IMF B z phase after 1230 UT and compare the equatorial zonal electric response over Indian and southeast Asian longitudinal which are in dusk to premidnight sectors. Figure 3a shows the close view of z component of interplanetary magnetic field (IMF B z ) variation from 0900 to 1800 UT of 17 March 2015. It can be observed from this figure that the IMF B z is mostly northward between 1000 and 1200 UT and turns to southward around~1230 UT. Since then, the IMF B z is steadily southward except for two short period northward deflections at~1310 and 1330 UT. Figures 3b-3d show the F layer base (virtual) height (hʹF) variations at equatorial stations of TIR, CPN, and BCL that are longitudinally separated at close intervals. The red thick curves in Figures 3b-3d represent the hʹF variation on the storm day (17 March) as a function of universal time and the blue curves with error bars indicate the previously quiet 3 day mean hʹF variation at the respective stations. The green and red dotted vertical lines in each panel represent the times of E region (110 km) and F region (200 km) sunsets, respectively. It can be observed from Figure 3b that the hʹF over TIR is similar to its quiet day mean values up to 1200, started to increase from 1230 UT and dramatically elevated to greater than~550 km by 1400 UT which is substantially larger than its quiet day mean postsunset enhancement. Large upward surge of equatorial F layer is observed around 1330-1350 UT near sunset terminator where the hʹF increased rapidly from 366 km to 510 km. It should be noted here that this large upward drift exactly coincides with the time of usual postsunset height rise (PSSR) at TIR due to prereversal enhancement of electric field (PRE) around local sunset [Singh et al., 2015] . However, the hʹF excursion to above 550 km on 17 March is substantially larger compared to its quiet day PSSR as can be seen from Figure 3b . This indicates that the additional zonal electric field probably associated with the penetration of eastward convection electric fields contributed for this ENHANCED EASTWARD PPEF EFFECTS AS DUSK 541 unusually large vertical uplift of equatorial F layer at the dusk sector. The range spread F echoes began to appear from 1350 UT, become intense at 1400 UT and continued to occur throughout that night. The hʹF values from 1400 UT are scaled from bottommost trace of range spread F echoes, and their accuracy is subject to some degree of uncertainty due to the presence of spread F. From Figure 3c , it can be observed that the PSSR at Chumphon (CPN) is suppressed on storm day than its quiet day mean values. This is probably due to prevailing westward electric field perturbations associated with disturbance dynamo (discussed later in section 4). However, it is interesting to note that the hʹF at CPN also exhibits an increase from 290 to 360 km during 1330-1430 UT, but this increase at CPN is very small compared to at TIR. No significant spread F is observed at CPN except faint echoes between 1420 and 1610 UT. Similarly at BCL (Figure 3d ), the postsunset height rise significantly suppressed; however, a slight increase in hʹF can be seen during 1340-1430 UT as indicated by pink arrows. Therefore, the hʹF observations from Figure 3 clearly indicate the prompt penetration of eastward convection electric fields to equatorial latitudes around~1330 to 1430 UT at dusk to premidnight sector. However, the amplitude of response, in terms of upward drift of equatorial F layer, is substantially larger at dusk sector and decreases as moving into the premidnight sector.
With a view to further examine the variability of equatorial zonal electric field and the development of EPBs over dusk to premidnight sector in response to the observed eastward PPEF, the in situ ion density measurements from C/NOFS and SWARM (A, B, and C) satellites were examined. While C/NOFS is a low-inclination (13°) satellite in elliptical orbit [de La Beaujardière and the C/NOFS Definition Team, 2004] , the SWARM-A, SWARM-B, and SWARM-C are polar satellites in circular orbits with~88°inclination [Olsen et al., 2013] . Figure 4a shows the ground tracks of nearly simultaneous C/NOFS and SWARM-A, SWARM-B, and SWARM-C ) over equatorial region observed by SWARM-A and SWARM-C can be attributed to the uplift of F layer to higher than SWARM altitude due to eastward PPEF. The increase of hʹF to greater than~550 km at TIR at 1400 UT (Figure 3b ) which is higher than the SWARM orbital altitude of 460 km further supports this argument. Further, the ion density exhibits large fluctuations which are the clear signatures of intense EPB irregularities up to 29.75°N and 13.22°S geographic (27.13°N and 25.98°S magnetic dip) latitudes. This indicates that EPBs over this region have risen to an apex altitude of~1670 km over the equator according to field aligned nature of plasma bubble irregularities. Hence, the results from both ground based ionosonde and SWARM-A and SWARM-C in situ observations, consistently, indicate the substantially enhanced eastward zonal electric field that caused large uplift of equatorial F layer to >550 km and development of EPBs which further altitudinally grown to an apex altitude of~1670 km over Indian (dusk sector) equatorial region.
Interestingly, about 15°toward east in the premidnight sector, the SWARM-B does not observe any effects of eastward PPEF and/or signatures of EPBs (Figure 4c ). Further, compared to its previous quiet day observations (dotted curves) around the same longitudinal sector, the measured ion density values on 17 March are smaller, and the equatorial ionization anomaly (EIA) structure appears to be suppressed. This is consistent with the smaller increase in hʹF over CPN and BCL (Figures 3c and 3d) indicating that the effects of eastward PPEF is weak in this premidnight sector, hence, could not be observed by SWARM-B at 530 km altitude. Further, the weak eastward PPEF effects did not cause any EPB activity at this premidnight sector.
The most interesting observation comes from the in situ ion density measurements from CINDI (Coupled Ion Neutral Dynamics Investigation) on board the low-inclination satellite C/NOFS orbiting at~400-350 km altitudes (Figures 4d and 4e) . The black vertical dotted lines in Figures 4d and 4e represent the locations of sunset terminator at C/NOFS altitude. It can be observed from Figure 4d that the C/NOFS orbit around 1320 UT detects large ion density depletion over Indian region at a narrow band of longitude sector centered on the local sunset terminator. This large ion density depletion observed at local sunset terminator indicates the elevation of F layer to much higher altitudes and the C/NOFS is slicing through the bottommost region of F layer, hence, detecting very low ion density values. This is consistent with the large upward surge of equatorial hʹF observed at TIR due to eastward PPEF. Interestingly, this enhanced upward drift of F layer is mostly limited to a narrow band of longitudes (±10°) centered on sunset terminator indicating the unique feature of enhanced equatorial zonal electric field that confined to dusk sector. The C/NOFS's revisit over the same region after 97 min also detected the large ion density depletion over Indian sector (Figure 4e ). However, the density depleted region is observed to be expanded westward causing large ion density depletion over a wider longitudinal sector. The westward expansion of depleted region can be attributed to westward movement of sunset terminator in the presence of eastward PPEFs causing large uplift of F layer to above the C/NOFS altitude. The salient feature that should be noted from the C/NOFS observations is that the enhanced zonal electric field and the large uplift of F layer is mostly centered on sunset terminator and that moves westward along with the sunset terminator. On the other hand, at a few degrees east in the premidnight sector, the zonal electric field perturbation is very small as can be observed as a sharp eastward boundary of ion density depleted region from C/NOFS (Figure 4d ) and suppressed EIA feature from SWARM-B (Figure 4c ) at~100°E longitude. These results were further consistent with the ground based ionosonde observations at CPN and BCL in the premidnight sector.
Discussion
The zonal electric field perturbations in the equatorial ionosphere during geomagnetic storm periods are generally interpreted in terms of PPEFs and ionospheric disturbance dynamo fields. While the transient PPEFs appear at equatorial latitudes almost simultaneously with the sudden changes in the interplanetary electric field (IEFy) [Nishida, 1968; Kikuchi et al., 1996] , the disturbance dynamo electric field effects appear with a delay of~3-4 h [Fejer and Scherliess, 1997; Fejer, 2002; Fujiwara et al., 1996; Xiong et al., 2015] . On many occasions, the both PPEF and disturbance dynamo fields are coexist, and the net effect at equatorial ionosphere is determined by their relative amplitudes and polarities. Considering the solar wind energy input and onset of geomagnetic storm as early at~0600 UT, it is expected that the ionospheric disturbance dynamo process may have already been active by that time of observed PPEF effects shown in Figures 3  and 4 . The suppressed postsunset height rise at CPN and BCL (Figures 3c and 3d ) further indicates presence of westward electric field perturbations. With a view to further examine the disturbance neutral wind variations during this period, the thermospheric neutral winds measured by two Fabry-Perot interferometers at nearly conjugate locations of Shigaraki (SGK) and Darwin (DRW) were considered. Figure 5 shows the thermospheric zonal (a and b, positive eastward) and meridional wind (c and d, positive northward) variations derived from 630 nm airglow emission line during 1000 to 1900 UT at SGK (a and c) and DRW (b and d). The quiet time mean zonal and meridional wind variations for the vernal equinox months of March and April during 2012-2015 at the respective stations were also shown in red curves with error bars for comparison. It can be observed that the zonal winds at both SGK and DRW (Figures 5a and 5b ) were initially eastward with velocity of~100 m/s around 1000 UT which is similar to its quite time mean values. However, the eastward wind at both SGK and DRW decreased rapidly with time and becomes westward at 1400 UT. The zonal wind becomes largely westward with approximately À240 m/s at SGK and À91 m/s at DRW by~1620 UT indicating the large neutral wind disturbance. The meridional winds at both SGK and DRW (Figures 5c and 5d ) also significantly deviated from its quiet time mean variations indicating the neutral wind disturbance throughout the night. The meridional wind at SGK turns southward (equatorward) around 1400 UT and exhibits a large equatorward wind surge of~À300 m/s at 1550 UT. The meridional wind at DRW also exhibits large equatorward wind with a maximum of~210 m/s around 1535 UT. The large westward zonal wind and equatorward meridional wind observed at both SGK and DRW that significantly deviate from their quiet time mean variations indicates the large-scale thermospheric wind disturbance associated with ionospheric ENHANCED EASTWARD PPEF EFFECTS AS DUSKdisturbance dynamo [Blanc and Richmond, 1980] . Although the zonal wind at SGK and DRW turned westward around 1400 UT, the decrease in eastward wind to below its quiet time standard deviation can be observed starting from 1200 UT. This indicates that the disturbance dynamo winds were already setup from 1200 UT. The disturbance wind driven dynamo fields induce westward zonal electric field perturbations at equatorial and low latitudes in the day to premidnight local time sector [Blanc and Richmond, 1980] . Further, the suppressed postsunset height rise at CPN and BCL during 1100-1400 UT indicates the presence of westward zonal electric field perturbations which could be attributed to ionospheric disturbance dynamo. These preexisted westward disturbance dynamo electric fields may probably counter balance the eastward PPEF associated with southward turning of IMF B z at 1230 UT, and the net eastward electric field perturbation effect become small at CPN and BCL in the premidnight sector as seen in Figures 3 and 4 .
However, at TIR, the ascent of equatorial F layer starting from 1230 UT with southward turning of IMF B z and a large upward surge around 1330-1350 UT (Figure 3b) indicates the dominant role of eastward PPEF effects in the dusk sector. On the other hand, no significant uplift of F layer is observed during this period at CPN and BCL which were located at premidnight sector (Figures 3c and 3d ). This result clearly suggests that the equatorial zonal electric field response to penetration of eastward convection electric field is significantly enhanced at dusk sector (TIR) than at premidnight sector (CPN and BCL). Maruyama et al. [2005] have compared the storm time electric field perturbations due to PPEF and IDD and mentioned that the penetration electric fields are dominant during the daytime while the magnitudes of disturbance dynamo and penetration electric fields are nearly comparable during nighttimes. Abdu et al. [1998] and Sanders et al. [2012] have reported that the evening equatorial ionosphere responds more aggressively to PPEFs which are consistent with the results observed in this study.
At first, this enhanced eastward electric field response at TIR (dusk sector) can be explained as due to eastward PPEF which adds positively to the regular prereversal enhancement of zonal electric field at local sunset and the combined effects would be responsible for the large uplift of equatorial F layer at dusk as interpreted by Singh et al. [2015] . However, one can observe from Figure 3b that the quiet time postsunset rise (PSSR) of hʹF is only from~284 to 347 km during 1300-1400 UT (blue curve with error bars). Also, the IMF B z is not steadily southward during this period and exhibits northward fluctuations at~1309 and 1330 UT. Thus, the large increase in hʹF observed over TIR cannot be fully explained by the regular PSSR added with eastward PPEF as the IMF B z is fluctuating northward during this period. This suggests that some other process may simultaneously be operational to augment the additional eastward electric field to support the uplift of equatorial F layer to greater than 550 km at dusk sector.
Another important factor to be considered is the role of substorms. Several earlier studies have reported the penetration of high-latitude electric fields to low-latitude ionosphere during substorms Kikuchi et al., 2003; Sastri et al., 2003; Huang, 2009, 2012, and references therein] . However, the penetration electric fields during the substorms found to exhibit a complex variability. For example, Gonzales et al. [1979] , Kikuchi et al. [2000 Kikuchi et al. [ , 2003 , and Sastri et al. [2001 Sastri et al. [ , 2003 have shown that the low-latitude ionospheric electric field disturbance is westward and the geomagnetic field disturbance is negative (negative bay) in the dayside during onset of a substorm expansion. However, Huang et al. [2004] and Huang [2009 Huang [ , 2012 have demonstrated that during the geomagnetic storm time substorms under southward IMF B z periods, the dayside low-latitude ionospheric electric field disturbance at substorm onset is eastward and the geomagnetic field disturbance is positive (positive bay). Hence, the possible effects of substorms on the large uplift of equatorial F layer observed over TIR were examined during the present storm period. For example, Figures 6a-6c show the variations of IMF B z , AU, and AL indices and the energetic electron fluxes measured at geosynchronous orbit by GOES 15 (135°W) satellite. It can be observed from the Figure 6b that the AL index exhibits a rapid decrease around 1325 UT indicating the onset of a substorm expansion. This is preceded by the sudden increase in the electron fluxes measured by GOES 15 at geosynchronous orbit ( Figure 6c ) in postmidnight sector indicating the injection of energetic particles from the tail to inner magnetosphere, the so-called sawtooth event [Huang et al., 2003] . It can be noticed from Figure 6a that the IMF B z is southward at the onset of substorm. Figure 6d shows the variations in horizontal component of geomagnetic field at two stations ASC and MBO which were in the noon sector (LT ≈ UT À 1 h) at the time of substorm onset. These two stations were selected from the noon sector such that one station (MBO) is at geomagnetically low latitude (3.53°N dip latitude) and other (ASC) is close to midlatitudes (24°S dip latitude). Similarly, Figure 6e shows the H component variations at low-latitude to midlatitude [2009, 2012] and indicate the enhanced eastward electric field perturbation and geomagnetic positive bay in dayside associated with the onset of substorm.
Huang [2009, 2012] have suggested that the increased convection at substorm onset causes an enhanced magnetospheric electric field which promptly penetrates to dayside low-latitude ionosphere. This induced eastward electric field perturbation due to substorm causes an increase in H component of geomagnetic field (positive bay) through eastward Pedersen current. The Pedersen current is significantly enhanced at equatorial latitudes due to Cowling effect [Haerendal and Eccles, 1992] in dayside ionosphere. However, the Pedersen conductivity exhibits a large gradient across the sunset terminator due to large E region conductivity on dayside and negligible conductivity on nightside. Thus, the enhanced Pedersen current by convection electric field is subjected to large conductivity gradient across sunset terminator and the positive charges will be accumulated at the terminator. The associated divergent electric field at terminator is eastward and maps along the equipotential field lines to F region. This additional electric field strengthens the upward drift of equatorial F layer in addition to the primary PPEF as observed at TIR in the dusk sector. Thus, the net combined eastward electric field effects dominated over the preexisted disturbance dynamo electric fields and caused large upward surge of equatorial F layer and development of EPBs over dusk sector as observed from C/NOFS and SWARM-A and SWARM-C. Further, this additional electric field appears to be limited to a narrow longitudinal sector centered on sunset terminator due to large conductivity gradient as observed from C/NOFS and SWARM-A and SWARM-C in situ observations (Figures 4d and 4e) . Abdu et al. [1998] have reported similar enhanced vertical drift due to penetration of DP2 fluctuations near sunset which is attributed to the unique electrodynamic conditions at the sunset terminator. However, this phenomenon is not effective in the premidnight sector due to negligible E region Pedersen conductivity during nighttimes. Therefore, the equatorial zonal electric field perturbations to PEEFs were small in the premidnight sector as observed from SWARM-B (Figure 4c ) and ground-based ionosonde observations at CPN and BCL at~100°E longitude sector. 
Conclusions
Using a longitudinal chain of ionosondes along with nearly simultaneous passes of SWARM-A, SWARM-B, and SWARM-C and C/NOFS satellites, the equatorial zonal electric field responses to eastward convection electric fields were compared at a closely spaced intervals from dusk to premidnight sectors. At the dusk (Indian) sector, the enhanced eastward electric field caused a large upward surge of equatorial F layer to >550 km (hʹF at TIR) and subsequent development of spread F (Figure 3b ). The significantly elevated equatorial F layer facilitated the EPBs to grow up to an apex altitude of~1670 km and found to extend up to 27.13°N and 25.98°S magnetic dip latitudes (Figure 4b ). In contrast, at a few degrees east in the premidnight sector, no significant height raise and/or ESF activity has been observed as evidenced from Ionosondes at CPN, BCL (Figures 3c and  3d) , and from SWARM-B (Figure 4c ). The distinctly different responses observed between SWARM-A and SWARM-C, and SWARM-B over Indian and Indonesian sectors which are separated by only~15°(1 h in LT) brings out the unique feature of remarkably enhanced duskside zonal electric field in comparison with premidnight sector, despite the presence of background westward disturbance dynamo fields. Further, the C/NOFS in situ observations (Figure 4d ) provide additional evidence that the significantly large electrodynamic uplift of equatorial F layer is confined only to a narrow longitudinal sector centered on sunset terminator. The uniquely enhanced duskside equatorial zonal electric field response is deeply investigated and the responsible mechanisms were discussed in terms of large gradient in E region conductivity across the sunset terminator at low latitudes and the presence of enhanced eastward Pedersen current driven by convection electric fields associated with the onset of a substorm under southward IMF B z conditions. This study is first of this kind that compares the equatorial electric field response to PPEFs at closely spaced longitudinal intervals from dusk to premidnight sectors and provides important insights on the unique storm time electrodynamic conditions prevailing at dusk sector with adequate observational evidence using both ground based and space borne observations.
